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FHUWLILFDWLRQSURFHVVLVWKHIXOOVFDOHIDWLJXHWHVWZKHUHDFRPSOHWHDLUIUDPHVWUXFWXUHLVVXEMHFWHGWRUHDOLVWLFVSHFWUXP
ORDGVUHSUHVHQWDWLYHRIWKRVHSUHGLFWHGWRRFFXURYHUWKHOLIHRIW\SH*HQHUDOO\WKHVHIDWLJXHWHVWVDUHF\FOHGXQWLOWKH
HTXLYDOHQWRIVHYHUDOOLIHWLPHVLVDFKLHYHGRUDIDLOXUHRFFXUV
6HYHUDO IXOOVFDOH H[SHULPHQWDO LQYHVWLJDWLRQV KDYH EHHQ FDUULHG RXW WR SUHGLFW WKH IDWLJXH OLIH RI DHURVSDFH
FRPSRQHQWV>@$UPHQWDQLHWDO>@FDUULHGRXWH[SHULPHQWDODQGQXPHULFDOLQYHVWLJDWLRQVRQWKHDSSOLFDWLRQRI
LQQRYDWLYHPDWHULDOVREWDLQHGE\WKHXVHRILPSURYHGODPLQDDQGILEUHUHLQIRUFHPHQWV)0/WRSDQHOVRIDW\SLFDO
ZLGHERG\IXVHODJHVHFWLRQ7KHWHVWHGSDQHOZDVIXOOVFDOHDQGXQGHUZHQWDELD[LDOIDWLJXHORDGDSSOLHGE\PHDQV
RIDPXOWLD[LDOIDWLJXHPDFKLQH>@
7KHIRFXVRIWKHSDSHULVRQFUDFNJURZWKWHVWVDQGQXPHULFDODQDO\VHVRQ)ULFWLRQ6WLU:HOGLQJ)6:ZHOGHGIODW
VWLIIHQHGSDQHOV$OOIDWLJXHWHVWVZHUHSHUIRUPHGE\DGHGLFDWHGWHVWPDFKLQHRQIODWVWLIIHQHGSDQHOV$IWHUZDUGV
OLQHDUHODVWLF)(0)LQLWH(OHPHQW0HWKRGDQG'%(0'XDO%RXQGDU\(OHPHQW0HWKRG>@ELGLPHQVLRQDO
VWUHVVDQDO\VHVZHUHSHUIRUPHGWRVLPXODWHFUDFNJURZWK
1XPHULFDODQGH[SHULPHQWDOUHVXOWVH[KLELWDVDWLVIDFWRU\GHJUHHRIFRUUHODWLRQ
([SHULPHQWDOWHVW
,QWKLVVWXG\H[SHULPHQWDOFUDFNJURZWKWHVWVRQ)ULFWLRQ6WLU:HOGLQJ)6:ZHOGHGIODWVWLIIHQHGSDQHOVKDYH
EHHQSHUIRUPHG7KHVWLIIHQHGSDQHOVKRZQLQ)LJDLVFRPSRVHGRIWZR³=´VKDSHVWULQJHUVPPWKLFNMRLQHG
WRDIODWSDQHO[[PPVL]HGE\WZRGRXEOHFRQWLQXRXVODSZHOGLQJMRLQW5XQLQDQGUXQRXWRIZHOGLQJ
OLQHVKDYHEHHQFXWEHIRUHVWDUWLQJWKHWHVWVRWKDWWKHILQDOVL]HVRIWKHSDQHOWXUQRXWWREH[PP
$FHQWUDOQRWFKKDVEHHQFUHDWHGWRSUHGHILQHWKHFUDFNLQLWLDWLRQVLWHLWVOHQJWKLVHTXDOWRPPDQGLVFXWE\
(OHFWULFDO'LVFKDUJH0DFKLQLQJ ('0 )LJVEF WKHQRWFKGLUHFWLRQ KRUL]RQWDO LVSHUSHQGLFXODU WR WKH ORDG
GLUHFWLRQ
3DQHOVDQGVWLIIHQHUVDUHPDGHRIDOXPLQLXPDOOR\7ZKRVHPHFKDQLFDOSURSHUWLHVDUHJLYHQLQ7DEOH


)LJD6SHFLPHQJHRPHWU\EQRWFKVL]HVFGHWDLORIWKHQRWFKPDGHE\('0WKHFUDFNLVDOVRYLVLEOH
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6FRSHRIWKHSHUIRUPHGWHVWVZDVWRHYDOXDWHIUDFWXUHDUUHVWFDSDELOLW\RIWKH)6:HOGHGVWLIIHQHUVDSSOLHGRQWKH
IODWSDQHOZKHQDQDUWLILFLDOFUDFNLVLQWURGXFHGDQGSURSDJDWHGGXHWRIDWLJXHORDGV
   7DEOH0HFKDQLFDOSURSHUWLHVRI7
3URSHUW\ 9DOXH
<RXQJ¶VPRGXOXV >03D@
7HQVLOH6WUHQJWK >03D@
<LHOG6WUHQJWK >03D@
&UDFNJURZWKWKUHVKROG >03DāPP@
3RLVVRQUDWLR 

7KH WHVWLQJPDFKLQH )LJ D LV FRPSRVHGE\ DK\GUDXOLF DFWXDWRU PD[ ORDGPmax N1 FRQQHFWHG WR DQ
H[WHUQDOULJLGIUDPHZLWKDORDGFHOON1PD[UDQJH7KHORDGLVDSSOLHGDORQJWKHZKROHZLGWKRIWKHSDQHOE\
PHDQVRIEROWHGJULSVLQWHUSRVHGEHWZHHQDFWXDWRUDQGSDQHO)LJE7KHJULSIL[WXUHKDVEHHQGHVLJQHGLQRUGHUWR
HQIRUFHDORDGLQWURGXFWLRQH[DFWO\LQWKHVNLQPLGGOHSODQHDYRLGLQJDQ\URWDWLRQRUHFFHQWULFLW\,QIDFWLQRUGHUWR
UHGXFHWKHHFFHQWULFLW\DVSHFLDOSODWHKDVEHHQERQGHGRQERWKVLGHVRIWKHVWLIIHQHGSDQHOE\XVLQJDELFRPSRQHQW
PHWKDFU\ODWHVWUXFWXUDODGKHVLYH0$RI3OH[XVXOWLPDWHVWUHQJWK03D%RQGHGVWULSVIRUERWKVLGHVDUH
PPZLGHWRDVVXUHDXQLIRUPORDGGLVWULEXWLRQRQDOOWHVWFRXSRQV

)LJD7HVWLQJPDFKLQHEEROWHGJULSVFWHVWSDQHOZLWKKLJKOLJKWRIVWUDLQURVHWWH
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$VWUDLQURVHWWH)LJFW\SH&($85RI009LVKD\ZDVERQGHGRQHDFKSDQHOVLGHLQRUGHUWR
YHULI\WKHDEVHQFHRIVHFRQGDU\EHQGLQJDQGDVVHVVWKHFRQVLVWHQF\RIPHDVXUHGORFDOVWUHVVDJDLQVWWKRVHIRUHFDVWHG
LQWKHGHVLJQSKDVH7KHIDWLJXHWHVWVZHUHFDUULHGRXWXQGHUFRQVWDQWDPSOLWXGHORDGFRQWUROR Pmax 
N1ZLWKIUHTXHQF\HTXDOWR+]DQGDSUHOLPLQDU\ORDGZDVDSSOLHGWRUHGXFHLQWHUQDOFOHDUDQFHRIJULSIL[WXUH$OO
WHVWVZHUHSHUIRUPHGDWURRPWHPSHUDWXUH
'XULQJWKHWHVWFUDFNSURSDJDWLRQKDVEHHQPRQLWRUHGIURPLWVVWDUWDWWKHWZRWLSVRIWKHQRWFKXSWRWKHSURJUHVVLYH
VNLQDQGRUVWULQJHU IDLOXUH ,Q WKH ILUVWSDUWRI WKHSURSDJDWLRQ WKHFUDFN OHQJWKZDVREVHUYHGXVLQJD;RSWLFDO
PDJQLILHUDQGWKHFUDFNWLSDGYDQFHPHDVXUHGZLWKDPLFURPHWHU:KHQWKHFUDFNDGYDQFHUHDFKHGWKHVL]HRIPP
DQLQVSHFWLRQSODQZDVVHWXSDWLQWHUYDOVRIF\FOHVWKHHVWHHPRIFUDFNSURSDJDWLRQH[WHQVLRQWRRNDGYDQWDJH
RIJUDSKSDSHUERQGHGRQSDQHOV)LJF
1XPHULFDOPRGHO
)(0DQG'%(0PRGHOVKDYHEHHQGHYHORSHGZLWKWKHDLPRILQYHVWLJDWLQJWKHFUDFNSDUDPHWHUVGXULQJFUDFN
SURSDJDWLRQ$PRGHORIWKHZKROHSDQHOKDVEHHQGHYHORSHGDQGFUDFNSURSDJDWLRQLVVLPXODWHGE\XVLQJERWKD
FRPPHUFLDOO\DYDLODEOHILQLWHHOHPHQWFRGH$16<6DQGERXQGDU\HOHPHQWFRGH%($6<7KHPDWHULDOEHKDYLRU
KDVEHHQPRGHOHGDVOLQHDUHODVWLF
3.1. FEM model 
7KHSDQHOZDVPRGHOHGXVLQJWZRGLPHQVLRQDOHLJKWQRGHVKHOOHOHPHQWV6+(//ZLWKHDFKQRGHKDYLQJVL[
GHJUHHV RI IUHHGRP DQG WZRGLPHQVLRQDO HLJKWQRGHV SODQH HOHPHQWV 3/$1(  ZLWK HDFK QRGH KDYLQJ WZR
GHJUHHVRIIUHHGRP7KHILQLWHHOHPHQWPHVK)LJDFRQVLVWVRIHOHPHQWVDQGQRGHVGLIIHUHQWFRORUVDUH
DVVRFLDWHGWRGLIIHUHQWW\SHRIHOHPHQWV6KHOODQGSODQHHOHPHQWVZHUHXVHGWRPRGHOVWULQJHUVDQGVNLQUHVSHFWLYHO\


)LJD')(PRGHORIWKHSDQHOEERXQGDU\FRQGLWLRQVDSSOLHGWRWKHSDQHO
)(0 FUDFN DQDO\VLV WDNHV DGYDQWDJH RI VSHFLDO TXDUWHUSRLQW HOHPHQWV WKHPLGSRLQW QRGHV DUH VKLIWHG WR WKH
TXDUWHUSRLQW ORFDWLRQV WR DFFRXQW IRU WKH FUDFN WLS VLQJXODULW\ DQG 6,)V DUH FDOFXODWHG E\ WKH FUDFN RSHQLQJ
GLVSODFHPHQWPHWKRG&2'7KHZHOGLQJEHWZHHQVNLQDQGVWULQJHUVZDVPRGHOHGE\PHUJLQJWKHQRGHVRIVNLQDQG
VWULQJHUVDORQJWKHZHOGLQJOLQH,WLVSRVVLEOHWREHQHILWRIDSODQHRIV\PPHWU\;=IRUWKHSUREOHPWKHUHIRUHRQO\
KDOISDQHOZDVPRGHOHG
$WRQHPRGHOHQGWKHV\PPHWU\FRQVWUDLQVZHUHDSSOLHGZKHUHDVRQWKHRWKHUHQGDQRPLQDOSUHVVXUHp 
03DP N1ZDVDSSOLHGLQ<GLUHFWLRQPRUHRYHUWRVLPXODWHWKHJULSIL[WXUHULJLGFRQVWUDLQVZHUHDSSOLHG
DORQJDVWULSPPZLGH,Q)LJEWKHERXQGDU\FRQGLWLRQVDSSOLHGWRWKHSDQHODUHVKRZQ
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3.2. DBEM model 
7KHWZRGLPHQVLRQDO'%(0PRGHOUHDOL]HGE\WKHFRPPHUFLDOVRIWZDUH%($6<>@LVVKRZQLQ)LJDZLWK
KLJKOLJKWRIHDFKVLQJOHFRPSRQHQWSDQHOVWLIIHQHUVJULSIL[WXUHQRWFK7KHPRGHOLVGLYLGHGLQIRXU]RQHV)LJ
EWKHVNLQLVPRGHOHGDV]RQHZLWKDWKLFNQHVVHTXDOWRPPDQGUHODWHGPDWHULDOSURSHUWLHVDVUHSRUWHGLQ
7DEOHWKHJULSSODWHLVPRGHOOHGDV]RQHWKHWZRVWULQJHUVDUHPRGHOHGDV]RQHDQG7KHODWWHUDUHWREHVSOLW
LQWZRGLIIHUHQW]RQHVLQRUGHUWRDOORZWKHFUDFNWRSURSDJDWHLQWKHVNLQZLWKRXW³DIIHFWLQJ´WKHDSSURDFKLQJVWLIIHQHU
WKDW IDLOVRQO\DIWHU WKDW WKHFUDFNKDVRYHUFRPHLW WKHPRGHOLQJSURFHGXUH LVGHWDLOHG LQ>@,QSDUWLFXODU WZR
OD\HUVRYHUODSSHGLQFRUUHVSRQGHQFHRIWKHVWLIIHQHUDUHDDUHPRGHOHGWKHILUVWUHSUHVHQWDWLYHRIWKHVNLQDQGDIIHFWHG
E\WKHFUDFNSURSDJDWLRQDQGWKHVHFRQGWRPRGHOWKHVWLIIHQHU


)LJD''%(0PRGHORIWKHSDQHOZLWKFORVHXSRILQLWLDOFUDFNDQGLQWHUIDFHOLQHWRFRQQHFW]RQHDQG]RQHEKLJKOLJKWRI]RQHV
ZLWKGLIIHUHQWWKLFNQHVV
7KH VWLIIHQHUV DUHPRGHOHGZLWK DZLGWK HTXDO WR PP FRUUHVSRQGLQJ WR WKHZLGWK RI WKHZHOGLQJ OLQH 7KH
WKLFNQHVVRI]RQHLVHTXDOWRPPVXFKYDOXHPDNHVWKHWUDQVYHUVDODUHDHTXDOWRWKHWUDQVYHUVDODUHDRIWKH
UHDOVWLIIHQHUSOXVWKHFRUUHVSRQGLQJWUDQVYHUVDODUHDRIWKHRYHUODSSHGVNLQSDUW=RQHKDVDWKLFNQHVVHTXDOWR
PPWKDWLVWKHWKLFNQHVVRI]RQHPLQXVVNLQWKLFNQHVVVLQFHWKLV]RQHLVUHSUHVHQWDWLYHRIDOD\HURYHUODSSHGEXW
GLVWLQFWIURPWKHVNLQOD\HU7KHPDWHULDOSURSHUWLHVRI]RQHVDQGDUHWKHVDPHDVWKRVHRI]RQH7KHFRQQHFWLRQ
EHWZHHQ]RQHVDQGLVPRGHOHGE\KDOIFLUFOHV)LJDWKLVLVMXVWDQDUWLILFHWRSURYLGHFRQWLQXLW\EHWZHHQWKH
WZRSDUWVLQZKLFKWKHVWULQJHULVVXEGLYLGHG>@:LWKWKLVW\SHRIPRGHOLQJWKH''%(0PRGHOFDQUHSURGXFHWKH
VDPHPHPEUDQHVWLIIQHVVRIWKHWHVWHGSDQHO7KHIL[WXUHRQZKLFKWKHORDGLVDSSOLHGLVPRGHOHGE\]RQH7KH
WKLFNQHVVRIWKLV]RQHLVHTXDOWRPPWKH<RXQJPRGXOXV03DDQGWKH3RLVVRQUDWLRZLWKVXFKDKLJK
WKLFNQHVVYDOXH]RQHQHDUO\SHUIRUPVDVDULJLGERG\FRQVWUDLQLQJWKHSDQHOWRKDYHDXQLIRUP<GLVSODFHPHQWDORQJ
WKHXSSHUVLGH
D
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
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$VVKRZQLQ)LJDWKHORZHUVLGHRIWKHSDQHOLVFRQVWUDLQHGLQERWK;DQG<GLUHFWLRQVZKHUHDVFRQVWUDLQWVLQ
;GLUHFWLRQDUHDSSOLHGRQWKHOHIWDQGULJKWVLGHRIWKHJULSIL[WXUH7UDFWLRQVDUHDSSOLHGDORQJ<GLUHFWLRQLQVXFKD
ZD\WRSURYLGHDUHVXOWDQWORDGP N1DVXVHGLQWKHH[SHULPHQWDOWHVW7ZRFUDFNVLQLWLDWHGIURPKROHVLGHV
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